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Abstract Immunosenescence has not received much
attention in birds and the few existing studies indicate that
the occurrence of immunosenescence and/or its extent may
differ between species. In addition, not much information
is available on the immunosenescence patterns of different
immune parameters assessed simultaneously in both sexes
within a single species. The present study reports the
results on immunosenescence in innate immunity and both
cellular and humoral acquired immunity of both sexes
in a captive population of zebra finch (Taeniopygia
guttata) using three age groups (approximately 0.2, 2.5 and
5.1 years). Both male and female finches showed an
inverse U-shaped pattern in cellular immune function with
age, quantified by a PHA response. Males showed stronger
responses than females at all ages. In contrast, an increase
with age in humoral immunity, quantified through total
plasma immunoglobulin Y levels, was found in both sexes.
However, our measurements of innate immunity measured
through the bacteria-killing ability against Escherichia coli
gave inconclusive results. Still, we conclude that both
cellular and humoral acquired immunity are susceptible to
immunosenescence, and that the sexes differ in cellular
immunity.
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Introduction

Ageing of an organism is defined as an inevitable physio-
logical senescence in the form of progressive deterioration
of body structures and functions (Holmes and Martin
2009). The immune system, which is crucial in terms of
protection against parasites and diseases (Goldsby et al.
2003), is no exception to such alterations. Immunosenes-
cence is, therefore, thought to increase the susceptibility to
infection and the risk of autoimmune diseases and cancer
(Miller 1996; Pawelec et al. 2002), further leading to
higher morbidity and mortality rates. Although this is well
documented in humans, domesticated animals and labora-
tory rodents (Blasco 2002; Effros 2003), the knowledge
about avian immunosenescence is still limited. However,
the use of birds as a model for studying the biology of
ageing is increasing (reviewed in Holmes and Ottinger
2003; Monaghan et al. 2008), mainly because of their
unexpectedly slow ageing rate and long life spans, despite
their small body sizes and high metabolic rates (Holmes
and Martin 2009).

Although the immune system shows an enormous
complexity, it is generally classified into two main com-
ponents: innate and acquired immunity (Goldsby et al.
2003). Each of these components is further divided into
humoral and cellular immunity, but the interactions
between the different systems are immense (Goldsby et al.
2003). In mammals, immunosenescence is revealed by a
decline in both cellular (T cells) and humoral (B cells)
acquired immunity (Miller 1996), with T cell immunity
showing the most prominent decline (Pawelec et al. 2002;
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Son et al. 2003). Even though ageing impairs innate
cellular function of neutrophils and macrophages (reviewed
in Gomez et al. 2008), other innate parameters, such as
autoantibodies levels are often preserved with age
(Franceschi et al. 2000). In accordance with these findings
in mammals, avian studies have reported similar results.
For example, tree swallows (Tachycineta bicolor), Leach’s
storm-petrels (Oceanodroma leucorhoa), ruffs (Philoma-
chus pugnax), quails (Coturnix coturnix japonica) and
male zebra finches (Taeniopygia guttata) demonstrated a
decrease in cellular acquired immunity with age (Lavoie
et al. 2007; Lozano and Lank 2003; Haussmann et al. 2005;
Palacios et al. 2007). In addition, female collared fly-
catchers (Ficedula albicollis) showed an age-related
decline in humoral acquired immune function (Cichon
et al. 2003). In contrast, no change in humoral acquired or
humoral innate immunity was shown with age in common
terns (Sterna hirundo; Apanius and Nisbet 2003) or female
tree swallows (Palacios et al. 2007). Mgller and Haussy
(2007) however found that only one of two performed
measurements of humoral innate immunity declined with
age. The latter results, therefore, indicate that the occur-
rence of immunosenescence and/or its extent may differ
considerably between species.

In addition to these species-specific differences, immu-
nosenescence may differ between the two sexes. Indeed, in
the barn swallow (Hirundo rustica), males and females
differed in immune response in relation to age with only
females showing a significant decline in the primary
humoral immune response (Saino et al. 2003). Neverthe-
less, the secondary immune response declined significantly
with age in both sexes. Sex-specific differences in immune
function may occur as a result of different life-history
strategies. Life-history theory predicts that investment in
self-maintenance should decrease with residual reproduc-
tive success and expected lifespan (Roff 1992; Stearns
1992). Because reproduction and secondary sexual char-
acters are widely assumed to produce different energy costs
between the sexes, sexual differences in investment in
immune function, and hence immunosenescence, may
arise. In general, reproduction costs are regarded larger for
females than for males, while males usually have more
costly secondary sexual characters than females (Trivers
1972; Folstad and Karter 1992). The immune system can
be regarded as a self-maintenance system, and the resour-
ces it requires for optimal function (e.g. energy, protein,
nutrients) may, therefore, be traded-off for an increased
reproductive effort with age (Cichon 2001; Holmes and
Martin 2009). Moreover, it is assumed that the different
immune components have distinct and different costs
(Matson et al. 2006a) and the relative costs of specific
immune functions may change during the lifespan of a bird
(Holmes and Martin 2009). Hence, older birds may invest
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differently in some immune components as compared to
younger birds based on their protective value at the time
(Norris and Evans 2000; Holmes and Martin 2009) and
such a pattern might be explained by the immunoredistri-
bution hypothesis (Braude et al. 1999), i.e. a reallocation of
resources from one immune component to another. An
energetic shift from one immune component to another like
this could further be explained by the avoidance of auto-
immune diseases which have been shown to increase with
age (Grubeck-Loebenstein and Wick 2002).

Since most studies on avian immunosenescence have
assessed a single component of immune function in both
sexes, or different immune components in one sex only,
there is clearly a need for additional information about the
changes with age in innate immunity and both cellular and
humoral acquired immunity in both sexes of the same
species. The present study, therefore, aimed at detecting
potential immunosenescence patterns in a laboratory pop-
ulation consisting of both female and male zebra finches, as
this species is expected to be susceptible to immunose-
nescence (Haussmann et al. 2005). To achieve this, we
assessed three components of the immune system: acquired
cell-mediated immunity (quantified through the phytohae-
magglutinin (PHA) skin test), acquired humoral immunity
[quantified via total plasma immunoglobulin Y (IgY) lev-
els] and innate immunity (measured as bactericidal com-
petence) in three different age groups of both sexes. As the
population of birds covered the entire lifespan of this
species, any occurrence of immunosenescence should be
revealed.

Methods
Study population

The study was conducted using captive zebra finches, which
is a small passerine native to Australasia. The zebra finch is
sexually dimorphic with the males exhibiting several
plumage characteristics not present in the females, as well as
a redder beak (Zann 1996). Our captive colony has been
maintained since 2000 and the birds are held in large (10 m’)
sex-specific walk-in aviaries. Ambient temperature in the
rooms is 24°C and the relative humidity is maintained at
40%. There is a 12:12 h light—dark regime with lights being
turned on at 07:00. All birds are provided with a mixed seed
diet (Life Care, Total Pet Care, Aalestrup, Denmark) and
drinking water ad libitum. Finches at the age of 0.2 years
(termed ‘young’), 2.5 years (termed ‘mid-age’) and
5.1 years (termed ‘old’) were used in the present study.
Zebra finches can live up to 5-6 years in the wild (Zann
1996). Thus, our captive colony is well representative of the
entire lifespan of the species. Each age group consisted of 10
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females and 10 males which were chosen randomly from
larger groups of birds of the same age. Mean age of young
birds at blood sampling was 0.22 & 0.009 years (females
0.22 + 0.015 years, males 0.21 & 0.013 years, ¢ test: t =
—0.594, P = 0.560), mid-aged birds 2.52 £ 0.017 years
(females 2.49 &+ 0.023 years, males 2.53 & 0.025 years,
t test: +t=1.032, P=0.316) and old birds 5.15 +
0.025 years (females 5.17 & 0.037 years, males 5.12 +
0.034 years, t test: t = —1.016, P = 0.323). None of the
birds had been breeding before, or during, the time of study.

During May—June 2008, blood samples (approx. 100 ul)
were obtained from the brachial vein. Blood was collected
within 3 min after entering the room to exclude the con-
founding effects of the stress hormone (corticosterone) on
immune parameters (Matson et al. 2006b). The blood was
subsequently centrifuged and plasma was stored at —20°C
until analysis of innate and humoral immunity. Assessment
of cellular immunity by the injection of PHA was per-
formed 14 days after blood sampling (see details below).
Body mass and tarsus length were measured at each cap-
ture. Body condition index (BCI) was calculated separately
for the two sexes as the standardized residuals from a
linear regression with body mass as the dependent variable
and tarsus length as the independent variable at both the
time of blood sampling, as well as at the time of PHA
injection.

Cellular immune function: the PHA skin test

Cell-mediated immunity (CMI) was assessed by quanti-
fying the response to PHA injection (Goto et al. 1978;
Tella et al. 2008). There has been some controversy on
the PHA response being a reliable measure of the T cell
mediated immune system given the complex nature of the
response as it involves innate components (heterophils,
monocytes and basophils; Martin et al. 2006). However,
the response has been shown to reflect a reliable activa-
tion of the cellular immune system, as it is proceeded by
a change in circulating T lymphocyte subsets and also to
invoke a stronger secondary than primary response (Tella
et al. 2008). Following the simplified protocol of Smits
et al. (1999), the birds were injected subcutaneously in
the right wing web (patagia) with 20 pg of PHA-P
(Sigma Chemical Co, L 9017; Smits et al. 1999) dis-
solved in 20 pl of sterile phosphate buffered saline
(PBS). The thickness of the patagia was measured five
times (with an accuracy of 0.01 mm) with a gauge
micrometer (Mitutoyo) immediately prior to injection and
24 £ 0.25 h after injection. The micrometer was modi-
fied with a detachable head that reduced the spindle’s
surface to 7 mm?>.

Because the repeatability of the measurements was
high (calculated according to Lessells and Boag (1987);

pre-injection R = 0.80, SE = 0.034, P < 0.001, post-
injection R = 0.95, SE = 0.009, P < 0.001), mean change
in thickness (mm) of the wing (24-h post-injection thick-
ness minus pre-injection thickness) was regarded as the
measurement of the intensity of the CMI response and used
as an index of the individual’s cellular immunity (Goto
et al. 1978). Handling time, as well as time of injection was
recorded and controlled for since these parameters have
been shown to affect the PHA response (Martinez-Padilla
2006; Berzins et al. 2008). Handling time was defined as
time elapsed from entering the aviary to the release of the
bird.

Humoral immune function: total immunoglobulin
Y levels

To assess acquired humoral immunity, a sensitive enzyme-
linked immunoabsorbent assay (ELISA) was performed.
By the use of commercial anti-chicken antibodies (Marti-
nez et al. 2003), the total amount of immunoglobulin Y was
determined in the plasma of the zebra finches. To calculate
the linear range of the sigmoid curve for the zebra finch
plasma, ELISA plates were first coated with serial plasma
dilutions (100 pl) in carbonate-bicarbonate buffer (0.1 M,
pH 9.6) and incubated overnight at 4°C. The dilution
closest to the centre of its linear range was selected and
used in the trials. 96-well ELISA plates were then coated
with 100 pl of diluted plasma samples (2 samples per bird
diluted to 1/8,000 in carbonate-bicarbonate buffer) and
incubated first for 1 h at 37°C and then overnight at 4°C.
Next, the plates were washed with a 200 pl solution of
phosphate buffer saline and Tween (PBS-Tween), before
100 pl of a solution of 5% powdered milk in PBS-Tween
was added. After a second incubation at 37°C for 1 h, the
plates were washed with PBS-Tween and 100 pl of poly-
clonal rabbit anti-chicken IgG conjugated with peroxidase
(Sigma A-9046) at 1:250 (v/v) was added. Following 2-h
incubation at 37°C, the plates were washed with PBS-
Tween three times. Finally, 100 pl of revealing solution
[peroxide diluted 1:1,000 in ABTS (2,2-azino-bis-
(3-ethylbenzthiazoline-6-sulphonic acid))] was added, and
the plates incubated for 1 h at 37°C. The final absorbance
was measured at 405 nm using a Victor’ multilabel plate
reader (PerkinElmer, Turku, Finland) and subsequently
used to assess total plasma IgY levels.

Innate immune function: bactericidal competence

The bacteria-killing ability of plasma from the zebra fin-
ches against Escherichia coli was measured. This test is
considered to assess constitutive, innate immunity (Tiel-
eman et al. 2005; Matson et al. 2006b). Following an
experimental protocol derived from Matson et al. (2006b)
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plasma (20 pl) was diluted with 180 pl solution consisting
of CO,-independent media (#18045 Gibco-Invitrogen,
UK), 4 mM L-glutamine and 5% heat-inactivated fetal calf
serum in 1.5 mL sterile capped tubes. To each diluted
plasma sample, 20 pl working solution of E. coli bacteria
culture (approximately 200 bacteria) was added before the
samples were vortexed and incubated for 30 min at 41°C.
The E. coli (ATCC #8739) culture was prepared from
lyophilized pellets following the manufacturer’s instruc-
tions (Epower Microorganisms no. 04837E7, MicroBioL-
ogics, St. Cloud, MN). After incubation, the samples were
vortexed, and subsamples of 75 pl were spread evenly onto
agar plates in duplicates. After a drying period (~ 20 min),
the agar plates were covered, inverted and incubated at
34°C overnight. The number of colonies was counted the
next day. The average number of the two plates was
compared with the number of colonies on control plates
obtained by diluting bacteria in media alone. If the number
of the individual’s agar plates was smaller than that of the
control plates, the individual was considered to exhibit
bacteria-killing ability. All bacterial stages that required a
sterile working environment were carried out in a laminar
flow hood (Holten LaminAir).

Statistical analyses

All statistical analyses were performed using SPSS 15.0
(SPSS Inc. 2006). Variables were checked for normality
(Kolmogorov—Smirnov test, P > 0.05) and transformed
when necessary (log-transformation for IgY levels).
Means are given with standard errors. We used general
linear models (GLM) to examine the effect of age and sex
on both cellular and humoral acquired immunity. Because
there are numerous other factors that can affect immune
responses (see Norris and Evans (2000) for a review), we
statistically controlled for potential confounding factors
such as time of day for PHA injection, handling time and
body condition to assess the unique role of age in
immunity variation and possible immunosenescence pat-
terns. In addition, we investigated all possible interactions
between the factors, but since preliminary tests showed
that none reached statistical significance, only the
sex x age interaction are shown in the results. The final
GLMs were obtained with non-significant variables step-
wise being excluded one by one. Variables with P < 0.1
were kept in the final models. Innate immune function
was analyzed only in regard to individuals exhibiting
plasma bacteria-killing ability or not by y* test for inde-
pendence due to low sample size. Sample sizes vary
among immune function analyses because we were not
always able to perform all assays for all individuals due
to lack of available plasma or unsuccessful injections of
PHA.

@ Springer

Results
Cellular immune function

Cell-mediated immunity quantified through PHA response
did not vary with handling time or time of injection
(P > 0.75), both parameters being experimentally con-
trolled for and confined to narrow intervals of 142-326 s
and 08:27-10:59 a.m. respectively. Neither did we find any
effect of body condition on cellular immunity (Table 1).
However, the PHA response did vary with both age and sex
(Table 1; Fig. 1). Post hoc comparisons using the Tukey
test showed that mean CMI for the mid-age group
(0.97 &+ 0.038 mm) was significantly higher than that of
the old group (0.75 &+ 0.039 mm; P < 0.001). The mean
CMI of the young group (0.86 = 0.039 mm) did not differ
significantly from neither the mid-age group (P = 0.137)
nor the old group (P = 0.096). There was a statistically
significant difference between males and females, with
males having stronger cellular immune function than
females (Table 1; mean value for males being
0.93 4+ 0.032 mm, and for females 0.79 £ 0.032 mm)
independently of the age group.

Humoral immune function

Total plasma levels of IgY did not significantly vary with
body condition, nor was there a significant effect of the
interaction between age and sex (Table 2). Females tended
to have higher IgY levels than males (females
0.332 & 0.023 absorbance units, males 0.285 + 0.023
absorbance units, Fig. 2), however, the difference was not
statistically significant (P = 0.094, Table 2). Tukey post
hoc tests showed that IgY levels observed in the young
group (0.199 + 0.028 absorbance units) were significantly
lower than the levels in both the mid-age (0.324 £ 0.029
absorbance units) and the old group (0.403 £ 0.027

Table 1 Summary of a GLM explaining variation in cell-mediated
immunity quantified through PHA response (mm) of zebra finches in
relation to age, sex, body condition, time of injection and handling
time

Final model df F P s Estimate + SE
Age 2,54 8.077 0.001 023
Sex 1,54 9.704 0.003 0.15 0.141 £ 0.045
Rejected variables
Body condition 1,53 0345 0.559 0.01 -0.015 £ 0.025
Age x sex 2,51 0.563 0.573 0.02
Handling time 1,50 0.100 0.753 0.00 0.000 =+ 0.001
Time of injection 1,49 0.067 0.797 0.00 0.000 + 0.001

n = 58. Total #* for final model = 0.38; the estimate for sex shows
males compared to females
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Fig. 1 Cell-mediated immunity (mm) of young, mid-aged and old
zebra finches (mean + SE). Open symbols show females, while
closed symbols show males (see text for statistics)

absorbance units, P < 0.001 in both cases). The old group
and the mid-age group did, however, not differ signifi-
cantly in IgY levels (P = 0.144). Nevertheless, the sig-
nificant effect of age (P < 0.001, Table 2) points to an
overall increase in the total plasma IgY levels with age in
zebra finches (Fig. 2).

Innate immune function

Among the young finches, seven females and five males
(60% of the individuals) exhibited plasma bacteria-killing
ability (Fig. 3). There were six females and two males
(40%) in the mid-age group, and only three females and no
males (15%) in the old age group displaying this ability
(Fig. 3). Although the number of females showing plasma
bacteria-killing ability did not differ significantly between
the age groups [¢* test for independence: > (2, n =
30) = 3.482. P = 0.175], the number of males that did
decreased significantly with age (5> test for independence:
¥ (2, n=30)=7.081. P=0.029). Owing to the

Table 2 Summary of a GLM explaining variation in humoral
immunity represented by immunoglobulin Y levels (absorbance units)
in relation to age, sex and body condition

Final model df F P ¥ Estimate = SE
Age 2,53 21428 <0.001 045
Sex 1,53 2912 0.094 0.05 —0.065 %+ 0.038
Rejected variables
Body condition 1,52 0985  0.326 0.02  0.022 & 0.022
Age x sex 2,50  0.027 0973 0.00

n = 57. Total #* for final model = 0.50; the estimate for sex shows
males compared with females

Age (years)

Fig. 2 Humoral immunity represented by the total immunoglobulin
amount (absorbance units) in young, mid-aged and old zebra finches
(mean + SE). Open symbols show females, while closed symbols
show males (see text for statistics)

consecutive low sample size, further analysis on the
strength of bactericidal competence was not carried out.

Discussion

We found that the cellular immune function, quantified
through a PHA response, did change with age (Table 1).
Even though only old birds differed significantly from mid-
aged birds, the CMI response seemed to follow an inverse
U-shaped pattern with increasing age (Fig. 1). Our results
indicate a trend for both young and old zebra finches of
having weaker CMI responses than mid-aged individuals
which is in accordance with the previous studies on birds
(Lozano and Lank 2003; Haussmann et al. 2005; Lavoie
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Fig. 3 Percentage of male and female individuals showing plasma
E. coli-killing ability in young, mid-aged and old zebra finches
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et al. 2007; Palacios et al. 2007). However, contrary to
previous studies, our study is, to our knowledge, the first to
show a sex-specific difference in cellular immune function
in each age group. In addition, it is the first study to show
that cellular immunosenescence is displayed in both sexes
of zebra finches.

Low immune responses in young individuals is a com-
mon finding among birds (Apanius 1998), and is typically
attributed to developmental constraints and/or trade-offs
between energy and/or resource demanding activities
(Lozano and Lank 2003). In order to quickly reach a
reproductive state, immature individuals are expected to
prioritize sexual maturation over immune function com-
pared to adult individuals (Roff 1992). Accordingly, the
low CMI responses observed in the young cohort may
reflect this prioritizing and hence the immaturity of their
immune system since the majority had not reached their
sexual maturity age of 90 days (Zann 1996). The low CMI
responses found in the old finches might also be explained
by life-history theory, which states that there is an optimal
trade-off strategy between investment in self-maintenance
and reproduction in relation to maximizing fitness (Stearns
1992). Since increasing age leads to a lower lifespan
expectation, resources should be skewed in favor of
reproduction over self-maintenance (i.e. ‘terminal invest-
ment’; Clutton-Brock 1984). Thus, old individuals should
then invest relatively less in immune function compared to
younger individuals (Cichon 2001).

Since cellular immunity was significantly affected by
sex, with female finches mounting lower CMI responses
than males, independently of age (Table 1; Fig. 1), it may
be indicative of a lower investment in cellular immune
function by females compared with males and such a sex-
specific difference in cellular immunity is in contrast to
other studies on the same species in which no sex differ-
ence in the CMI response was reported (e.g. Verhulst et al.
2005; Roberts et al. 2007; Tobler et al. 2010).

Unlike the cellular immunity, the acquired humoral
immunity did not show any significant sex-specific differ-
ences. Even though females tended to show higher IgY
levels than males (Fig. 2; Table 2), only age explained the
variation in IgY levels (Table 2). Although only IgY levels
observed in the young group differed significantly from the
two other groups, our results suggest significant increased
IgY levels with age (Fig. 2). With the exception of Apanius
and Nisbet (2003), previous studies on immunosenescence
in birds have assessed humoral immunity using other
techniques than that used in the present study, making the
different immunological measures and the result, including
ours, hard and/or impossible to compare (Viney et al.
2005). In mammals, elevated levels of IgG (analogous to
avian IgY) is a common feature in old individuals caused
by intrinsic B cell defects, e.g. benign monoclonal
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gammopathies, and failing T cell regulation control on B
cell function (Malaguarnera et al. 2001; Grubeck-Loeben-
stein and Wick 2002). It is tempting to speculate that if
such malfunction of the immune system (immunosenes-
cence) is also present in birds, it could explain the age-
related increase in IgY levels found in the present study.

Whether high levels of circulating IgY actually reflect a
high immunocompetence is also debatable. Because IgY is
the most important antibody involved in avian humoral
response (Davison et al. 2008), a high concentration could on
one hand reflect a strong humoral immune system (Johnsen
and Zuk 1999; Saino et al. 2001). On the other hand, it could
also be the result of an ongoing immune response to a current
infection (Norris and Evans 2000). In the present study, our
captive birds have been kept at stable indoor conditions and
hence the extent to exposure of pathogens are presumed to be
low, thus lowering the probability of an increasing age-
related infection rate. Still, since high IgY concentrations can
be regarded as both symptomatic of infection and/or disease
and as an indicator of strong immunocompetence, our results
should be interpreted with caution. Challenging assays of
humoral immunity might consequently be more informative
of the immunocompetence of birds (Norris and Evans 2000).
However, challenging both acquired immune components
simultaneously might also raise practical problems and
produce controversial results. Because a trade-off between
the components may occur, and because of the close inter-
action and dependency between the acquired immune com-
ponents (Goldsby et al. 2003), concurrent challenge may
influence the effectiveness of the respective responses
(Norris and Evans 2000).

The analysis of the innate immune function showed that
the number of male zebra finches exhibiting plasma killing
ability decreased significantly with age. The same trend
was found in females, although it was not statistically
significant. Even though the low sample size could be
argued not to allow us enough statistical power to draw any
realistic conclusions about these differences, the decrease
in the number of individuals exhibiting bacterial-killing
ability with age, although to be regarded as preliminary
results only, is nonetheless very interesting. To our
knowledge, only Tieleman et al. (2010) have used the same
methodology to assess innate immunity in relation to age
in birds and their results are contradicting ours. Indeed,
they reported that microbicidal capacity against E. coli
increased with age (1-7 years) in European stonechats
(Saxicola torquata rubicola). On the other hand, Palacios
et al. (2007) assessed the innate immunity in relation to age
in female tree swallows measuring the levels of circulating
natural antibodies (NAbs) and complement, and they did
not find any age-related changes. Using the same assay,
Mgller and Haussy (2007) showed that old barn swallows
had reduced levels of NAbs, but not of complement-
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mediated cell lysis. Even though some other immunologi-
cal studies have included age as a parameter (e.g. Buehler
et al. 2009; De Coster et al. 2010), studies evaluating the
innate immunity in an immunosenescence context and
comprising the entire lifespan of a species are lacking.
Hence, there is still a strong need for more studies on
innate immunity to fully understand its variation with age.

Studies on both humans and rodents have shown that the
acquired immune system declines and deteriorates more
profoundly with age than the innate immune system, and
also that T cells are more affected than B cells (Franceschi
et al. 2000; Pawelec et al. 2002; Son et al. 2003). We are
not able to draw any similar conclusions if this also applies
to our birds because of the insufficient result on innate
immunity. However, our study does report a decline in the
acquired immune system in both male and female zebra
finches, if we presume that the increase in IgY levels reflect
a malfunction of the humoral immune system. Because the
altered immunoglobulin production with age has been
proposed to likely be a consequence of failing T cell
function (Malaguarnera et al. 2001), it makes it difficult to
disentangle the complex and intricate relationship between
the different arms of the acquired immune system, and
hence elucidate which of the components are most affected
by immunosenescence.

Whether the immunosenescence found in our captive
zebra finch population is applicable to free-living zebra
finches remains to be determined. Nevertheless, both age
and sex have been demonstrated to significantly affect
immune function and these factors must be controlled for
in future studies. Finally, knowledge of the basic ageing
mechanisms using birds as a model organism has great
value for a better understanding of the diseases arising with
ageing. In addition, in line with concerns about the ongoing
global warming with possible redistribution of parasites
and outbreaks of new viruses, more emphasis should be
placed on avian immune-ecology.
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